A simple, efficient and high-yielding process has been developed for the synthesis of unprecedented symmetrical trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanols (2a-d), through the p-toluenesulfonic acidcatalyzed reduction of trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanones with sodium borohydride in ethanol at room temperature. The structures of the synthesized compounds were studied using various spectroscopic tools including IR, NMR ( 1 H, 31 P, 13 C) spectroscopy and mass spectrometry. The molecular structure of compound (2a) was further investigated using single crystal X-ray diffraction analysis. The Hirshfeld surface, curvedness, shape index and 2D-fingerprint plots were used to evaluate various intermolecular interactions within the crystal structure. UV-Vis and HOMO-LUMO properties of compound (2a) were also investigated.
Introduction
Bisphosphine oxides have elicited considerable interest of chemists due to their wide-range of useful properties. In addition to their well-known metal complexing abilities and performance in extraction of heavy metals [1e6], these phosphorus compounds have gradually developed from a synthetic challenge to a directed and rational design of novel molecular materials with outstanding optoelectronic properties. For instance, many bisphosphine oxidebased molecules have demonstrated good performances as organic host materials for phosphorescent organic light-emitting diodes [7] . Of specific importance are bisphosphine oxides possessing chiral centers, which can be reduced to the corresponding optically active bisphosphines widely used as ligands for transitionmetal-catalyzed cross-coupling reactions and asymmetric synthesis [8e13].
On the other hand, hydroxyphosphine oxides are an important class of compounds which serve as versatile precursors for phosphorus-containing polymers [14] , photoinitiators [15] and organic optoelectronic materials, with the phosphine oxide moiety improving electron injection properties, imparting high oxidative and thermal stabilities, and lowering the operating voltage [16] . With this in mind, and in the continuation of our interest in the synthesis and evaluation of novel functionalized phosphonates and phosphine oxides [17] , we now report an efficient and highyielding process for the synthesis of unprecedented symmetrical trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanols, through the ptoluenesulfonic acid-catalyzed reduction of trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanones with sodium borohydride in ethanol at room temperature. Study of the molecular structure characteristics of the synthesized compounds, in order to gain more insight into the molecular geometry, intermolecular interactions and electronic properties, was performed by various spectroscopic tools including IR, NMR ( 1 H, 31 P, 13 C) spectroscopy, mass spectrometry and single crystal X-ray diffraction analysis, and by theoretical calculations using the DFT/B3LYP/6-311 þ G(d,p) basis set. Intermolecular interactions, within the crystal structure, were further investigated by Hirshfeld surface analysis.
Experimental
2.1. General procedure for the synthesis of a,a 0 -
bis(diphenylphosphoryl)cycloalkanols (2a-d)
To a solution of the a,a 0 -bis(diphenylphosphoryl)cycloalkanone 1 (1 mmol) and p-toluenesulfonic acid (0.2 mmol, 20 mol%) in ethanol (10 mL) maintained at 0 C under a nitrogen atmosphere, was added sodium borohydride (8 mmol) . The mixture was stirred for 1 h at 0 C then for 11 h at room temperature (reactions were monitored by TLC). The solvent was removed under reduced pressure. The residue obtained was diluted with water (30 mL) and extracted with chloroform (3 Â 10 mL). The organic phase was dried over Na 2 SO 4 and concentrated under vacuum to afford the pure product in its crystal or powder form. 
Analytical techniques

FT-IR, NMR and mass spectrometry
All the compounds were characterized by FT-IR, NMR and mass spectrometry. The infrared spectra were recorded in the 400e4000 cm À1 range with a Nicolet IR200 FT-IR spectrometer using a neat sample at ambient temperature. The number of scans was 32 and the resolution 4 cm À1 . NMR spectra were recorded at 400 MHz ( 1 H), 161 MHz ( 31 P) and 100 MHz ( 13 C APT) in CD 3 OD at a concentration of 50 mg/mL and at 25 C. Chemical shifts (d) are reported in parts per million (ppm) relative to the residual solvent peak. The coupling constants are reported in Hz. The multiplicities of signals are indicated by the following abbreviations: s: singlet; d: doublet; t: triplet; and m: multiplet. High-resolution-MS spectra were performed on a Thermo LTQ Orbitrap XL mass spectrometer.
UV-vis measurements
The experimental UV-Vis absorption spectra of (2a) was measured in dichloromethane as a solvent (8 mg, 10 mL) and at room temperature with a PerkinElmer Lambda35 UV-Vis spectrophotometer equipped with an integrating sphere in the range of 200e700 nm, while the theoretical electronic spectrum was calculated using TD-DFT/B3LYP/6-311G þ method in dichloromethane. All calculations were performed using the Gaussian 09 program.
X-ray diffraction data
For the structure of compound (2a), X-ray intensity data were collected at 100 K, on a Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with an Atlas CCD detector using u scans and CuKa (l ¼ 1.54184 Å) radiation. The images were interpreted and integrated with the program CrysA-lisPro (Rigaku Oxford Diffraction) [18] . Using Olex2 [19] , the structure was solved by direct methods using the ShelXS [20] structure solution program and refined by full-matrix least-squares on F 2 using the ShelXL [21] program package. Non-hydrogen atoms were anisotropically refined and the hydrogen atoms in the riding mode and isotropic temperature factors fixed at 1.2 times U(eq) of the parent atoms (1.5 times for hydroxyl groups). The drawings were made with Diamond [22] and Mercury [23] . Crystal data and experimental parameters used for the intensity data collection are summarized in Table 1 .
Hirshfeld surface calculations
The visualization of crystal contacts through the Hirshfeld surface is assured the by CrystalExplorer software. In order to quantify various intermolecular interactions in the crystal lattice, the related 2D fingerprint plots were conducted using Crysta-lExplorer 3.1 [24] and Tonto [25] . Thus, CrystalExplorer can compute the Hirshfeld surface and then the fingerprint plots using the CIF files of the desired compounds.
HOMO-LUMO calculations
All calculations were performed using the Gaussian 09 program [26] . The electronic structure and optimized geometrical parameters were calculated by density functional theory (DFT) with the B3LYP/6-311 þ G(d,p) basis set. The frontier molecular orbital surfaces are visualized by the Gauss View Molecular Visualization program [27] . The crystal structure in the solid state (CIF file) was used as the starting structure for the calculations.
Results and discussion
3.1. Synthesis of a,a 0 -bis(diphenylphosphoryl)cycloalkanols (2a-d)
The starting trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanones (1) were prepared according to the reported procedure developed by our group [28] . In order to establish the optimum reaction conditions for the reduction of these compounds to the corresponding hydroxybisphosphine oxides (2), we used a,a 0 -bis(diphenylphosphoryl)cyclohexanone (1a) as the model substrate in the presence of inexpensive and environmentally friendly sodium borohydride as reducing agent. The reaction was studied by varying several conditions (molar equivalents of NaBH 4 , catalysts, solvents, temperature). The results of these comparative experiments are summarized in Table 2 .
At the outset of the study, the reaction was performed in solid phase conditions by grinding a mixture of the ketobisphosphine oxide (1a) and sodium borohydride in an agate mortar. The monitoring of the reaction by different techniques (TLC, GC and 31 P NMR) showed no evolution towards the corresponding alcohol and only the starting materials were recovered (Table 2, entry 1). Under the same reaction conditions, the addition of an acid catalyst (TsOH, AcOH, B(OH) 3 , H 2 SO 4 , AlCl 3 ) to the reaction mixture, did not bring any improvement to the reactivity ( Table 2 , entries 2e6). The use of NaBH 4 supported on alumina, in the presence of a few drops of methanol, made it possible to obtain the desired product (2a) in 76% yield (Table 2, entry 7). On the other hand, no conversion was observed when conducting the reaction in the presence of 4 molar equivalents of NaBH 4 , in methanol or ethanol as the solvent, even after prolonged heating under reflux ( Table 2 , entries 8 and 9). An improvement in the yield of (2a) was however observed when adding an organic acid catalyst such as AcOH or TsOH, to the reaction mixture. The best results were obtained by carrying out the reaction with 8 molar equivalents of NaBH 4 and 20 mol% of TsOH, in ethanol as the solvent, at room temperature for 12 h, which yielded a 91% of the desired product (2a) ( Table 2 , entry 13).
With these optimized reaction conditions in hand, we next studied the scope of this methodology. A variety of structurally diverse ketobisphosphine oxides (1) were investigated and a series of symmetrical trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanols of type (2) were afforded in excellent yields (Table 3) . Pure products can be isolated by simple extraction without the need for chromatography or recrystallization.
It should be mentioned that ketobisphosphine oxides (1a-c) which are present exclusively in their trans configuration, gave consequently the corresponding trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanols (2a-c). In the case of a,a 0 -bis(diphenylphosphoryl)cyclopentanone (1d), however, which is present as a mixture of trans and cis isomers, the reaction gave a mixture of the corresponding trans-and cis-a,a 0 -bis(diphenylphosphoryl)cyclopentanols in 36:64 ratio (determined from the 31 P NMR spectrum of compound 2d).
The developed synthetic protocol offers significant advantages, such as excellent yields, mild reaction conditions, easy work-up and environmental safety, what make the NaBH 4 /TsOH reducing system, used here, a good candidate for the reduction of hindered and complex carbonyl compounds.
Spectroscopic studies
The structures of compounds 2a-d were deduced on the basis of their FT-IR, 1 H NMR, 13 C NMR, and 31 P NMR spectral data. The highresolution mass spectra of these compounds display molecular ion peaks at appropriate m/z values.
FT-IR study
In order to investigate various interactions and gain more insights into the structure of the title compounds, the functional groups and the types of bonding existing in the four studied compounds, we have undertaken a vibrational study using infrared absorption.
The IR bands of the synthesized compounds are assigned by comparison with the modes and frequencies observed in similar derivatives. The experimental IR spectra of compounds (2a-d) measured in the solid state at room temperature ( Fig. S1 , in Supplementary Information), revealed the presence of a broad band at around 3400 cm À1 being characteristic of the associated OeH vibrations [29] . We also noticed the presence of absorption bands of medium intensities between 3060 and 2850 cm À1 attributed to the stretching vibrations of CH, CH 2 and CH 3 groups [30] . The bands of medium intensities between 1430 and 1630 cm À1 are assigned to the stretching modes of the phenyl C]C double bonds [31] . The absorption band at around 1250 cm À1 is assigned to the stretching of the phosphoryl (P]O) groups [32] . In the frequency region between 830 and 1190 cm À1 , bands of medium intensities are present, which could be assigned to the skeletal C-C vibrations of the cycloalkane rings. The rest of absorptions between 490 and 760 cm À1 are attributed to out-of-plane bending modes of C-H bonds [33] . A comparative study between the experimental and theoretical IR spectra, for compound 2a, was also made in order to get further insights into the various vibrational frequencies. Observed and a The progress of the reactions was monitored by thin layer chromatography (TLC). b Isolated yield. c The reaction was performed in the presence of a few drops of MeOH. d Entries 8 and 9 were also conducted at 25 C and yielded the same results. calculated most important vibrational modes with their corresponding assignments [34] are summarized in Table 4 . The experimental and calculated IR spectra of compound 2a are shown in Figs. S1 and S2 respectively (see Supplementary Information) . Globally, the calculated data are in good agreement with the experimental ones. The slight difference between computed and experimental results could be attributed to the fact that the experimental results belong to the solid phase of molecules while the computed results apply to the gas phase of an isolated molecule without any intermolecular interactions.
NMR study
The 31 P, 1 H and 13 C NMR spectra of the title compounds are given in the Supplementary Information.
The 31 P{ 1 H} NMR spectra of compounds (2a-c) exhibit two separate singlets with the same intensities at around 35e39 ppm, indicating that the two phosphorus atoms are not magnetically equivalent. In the case of a,a 0 -bis(diphenylphosphoryl)cyclopentanol (1d), however, we observed three separate singlets indicating the coexistence of both trans and cis diastereoisomers in 36:64 ratio: two singlets with the same intensities at d ¼ 34.0 and 37.1 ppm (relative intensities: 18% for each one) corresponding to the two magnetically nonequivalent phosphorus atoms of the trans isomer, and a singlet at d ¼ 35.7 ppm (relative intensity: 64%) corresponding to the two magnetically equivalent phosphorus atoms of the cis isomer.
The 1 H NMR spectra of compounds (2a-d) showed, in particular, a broad singlet at around 3.2 ppm, ascribable to the OH group. They also exhibited the presence of the CH, CH 2 and CH 3 groups between 0.5 and 4.7 ppm, and the aromatic protons at the range of 7.2e7.9 ppm. 13 C NMR spectra displayed resonances in agreement with the structure of each compound. Of particular interest are the two CH-P carbons, which are not magnetically equivalent in case of trans compounds (2a, 2b, 2c and trans-2d), and resonate each one as a doublet ( 1 J CP~7 0 Hz) or a doublet of doublets ( 1 J CP~7 0 Hz, 3 J CP~5 Hz) towards 38e46 ppm. The CH-OH carbon gives a singlet at 63.9 ppm for compound (2a), and a doublet ( 2 J CP ¼ 4.0 Hz) at around 69 ppm, for compounds (2b) and (2c). Whereas, in case of compound (2d), the CH-OH carbon shows two triplets with different intensities at the range of 73e75 ppm, which corroborates the coexistence of both trans and cis isomers for this compound. Each triplet is characteristic of the coupling with the two phosphorus atoms with a 2 J CP coupling constant of about 3 Hz. It should be also mentioned that the phenyl groups on the phosphorus atoms showed a signal doubling indicating that they are not magnetically equivalent.
UV-vis study
The experimental UV-Vis absorption spectrum of compound (2a) measured in dichloromethane as the solvent at room temperature, is shown in Fig. S3 . It exhibits intense absorption bands in the UV region at 265 nm, due to p-p* electronic transitions.
The UV-Vis experimental spectral data of compound (2a) were compared with the theoretical ones calculated using the TD-DFT/ B3LYP/6-311G þ method [35, 36] . The computed properties such as absorption wavelengths (l, nm), oscillator strengths (f), and assignment of electronic transitions with contributions of corresponding configurations, are listed in Table 5 .
The theoretical UV-Vis spectrum of the studied compound in dichloromethane (Fig. S4 ) displays absorption maxima values centered at 237.98, 236.48 and 334.74 nm respectively, corresponding to the intense p-p* transitions. The first electron transition at 5.23 eV is connected with the excitation from the third highest occupied molecular orbital (HOMO-3) to the lowest first unoccupied molecular orbital (LUMOþ1), which corresponds to the maximum absorption wavelength with 16% contribution. The second transition at 5.24 eV is connected with (HOMO-3) to LUMO transition, and the third transition at 5.28 eV comes from the electron excitation from HOMO to LUMOþ1, giving the major molecular orbital contribution with 23%.
Single crystal X-ray diffraction analysis of compound (2a)
Single crystals of a,a 0 -bis(diphenylphosphoryl)cyclohexanol (2a) were obtained directly after reaction work-up, without any further recrystallization. Crystal data and experimental parameters used for the intensity data collection for compound (2a), are summarized in Table 1 .
Compound (2a) was found to crystallize in the monoclinic system with centrosymmetric space group P2 1 /n ( Table 1) . A perspective view of the asymmetric unit of the structure of (2a) with 50% probability thermal ellipsoids is depicted in Fig. 1 . It consists of two diphenylphosphoryl moieties linked to a cyclohexanol ring in the 2 and 6 positions.
The molecule exhibits a regular spatial configuration with usual distances and angles ( Table 6 ). The mean values of C-C bonds are 1.389, 1.386, 1.385 and 1.382 Å respectively for the four phenyl rings, which are between single bonds and double bonds and similar to those of benzene derivatives [37, 38] . The two phenyl groups on each phosphorus atom are not co-planar due to steric reasons. The dihedral angles between the two phenyl rings on P1 and P2 are 106.77 and 104.92 respectively, showing a quasiorthogonal arrangement of the two phenyl groups on each phosphorus atom. The P-O distances: P1-O1 of 1.4929(17) Å and P2-O3 of 11.4901(17) Å are consistent with P-O double bonds ( Table 6 ).
The two diphenylphosphoryl groups are on opposite sides of the cyclohexanol ring, indicating a trans relative stereochemistry for compound (2a).
The cyclohexanol ring is in the characteristic chair conformation and its geometrical characteristics are reported in Table 6 , indicating that the C-C, C-O and C-P distances as well as the C-C-C, C-C-O and C-C-P angles are in accordance with those observed in similar compounds [39e42]. The conformation of the cyclohexanol sixmembered ring can be described in terms of Cremer and Pople puckering coordinates [43] , i.e. evaluating the parameters Q (total puckering amplitude), q2, q3, q and 4. Their calculated values for the C13eC14eC15eC16eC17eC18 ring are: Q ¼ 0.5586 Å, q2 ¼ 0.0435 Å, q3 ¼ À0.5569 Å, q ¼ 4.47 and 4 ¼ 175.53 , indicating that the cyclohexanol ring has been slightly distorted from the standard chair conformation by the hydroxyl group (Fig. 2) .
The crystal packing shows that the molecules are interconnected via O-H/O]P intermolecular hydrogen bonds to form dimers of (C 30 H 30 O 3 P 2 ) units extending parallel to the crystallographic a-axis ( Fig. 3) , with O1/H2 distance of 2.0 Å ( Table 6 ). The packing is further stabilized by several H/H, H/C, C/O and O/O interactions with the distances between 2.2 and 2.8 Å (Fig. 4) , and by weak CH … p intermolecular interactions: the distance between hydrogen H8 and Cg1 (Cg1 is the centroid of the C1-C2-C3-C4-C5-C6 phenyl ring) is 3.607 Å. The distances from H4 and H14 to the centroid Cg2 (Cg2 is the centroid of the C7-C8-C9-C10-C11-C12 phenyl ring) are 3.529 and 3.062 Å respectively. However, the most important CH … p intermolecular interaction, which corresponds to the smallest distance, is observed between hydrogen H5 and Cg3 (Cg3 is the centroid of the C19-C20-C21-C22-C23-C24 phenyl ring), with a distance of 2.939 Å (Fig. 5 ).
Hirshfeld surface analysis
Hirshfeld surface analysis is a very powerful tool for the understanding of different kinds of intermolecular interactions. It serves as a convenient tool for gaining additional insights into the intermolecular interactions of molecular crystals. The size and shape of Hirshfeld surface allows the qualitative and quantitative investigation and visualization of intermolecular close contacts in molecular crystals [44] .
The Hirshfeld surfaces and related 2D fingerprint plots were calculated using Crystal Explorer 3.1 [24] and Tonto [25] . The molecular Hirshfeld surface, d norm , was calculated using the equation given below and mapped over d norm ranges e 0.105 to 1.232 Å. The distances d i and d e represent the internal and external nearest nucleus to the surface respectively.
The percentage C XY of contacts on the Hirshfeld surface between two chemical elements X, Y in a crystal packing is an information retrieved by the program CrystalExplorer. The quantities can be used directly to calculate, by summation, the chemical contents S X of the Hirshfeld surface. The definition of enrichment ratio of contacts and its calculation was previously described [45, 46] . Hence, the ratio of random contacts R XY between two chemical elements X and Y is introduced. The R XY values are defined as if all contact types X$$$Y in the crystal packing were equi-distributed between all chemical types and are obtained by probability products:
When reciprocal contacts X$$$Y and Y$$$X are both considered, the factor 2 arises. Then, the enrichment ratio E XY for a pair of elements (X, Y) is defined as the ratio between the proportion of actual contacts in the crystal and the theoretical proportion of equidistributed random contacts: Table 5 Calculated and experimental UV-Vis spectral characteristics of compound (2a): electronic transition wavelengths (l, nm), oscillator strengths (f), and assignment of electronic transitions with contributions of corresponding configurations. 
An enrichment ratio larger than unity reveals that a pair of elements has a high propensity to form contacts in crystals, while pairs which tend to avoid contacts with each other should yield an E value lower than unity.
The Hirshfeld three-dimensional surface mapped over the d norm for compound (2a) (Fig. 6 ) reveals numerous slight interactions (light red to white) [47] . The shape index and curvedness for compound (2a) were also examined and are shown in Figs. S5 and S6 (see Supplementary  Information) . The deep red circle represented by concave regions on the shape index ( Fig. S5) indicates hydrogen-bonding contacts, which corroborates the presence of intermolecular hydrogen bonds between the hydroxyl and phosphoryl groups. The blue triangles represented by convex regions on the shape index surfaces are characteristic of p-p stacking of aromatics [24] . The existence of pp interactions is also evident from the relatively large and green flat regions delimited by blue circles, on the corresponding curvedness surfaces (Fig. S6 ) [48] . The 2D fingerprint plots provide additional information on intermolecular interactions and are used to quantify the relative contribution of the intermolecular contacts to crystal stability of compound (2a). Thus, reciprocal H/H, C/H/H/C and O/H/H/O intermolecular interactions are found to be the most abundant in the studied compound, with the values of 67.7%, 16.5% and 11.0% respectively (Fig. 7) .
It could be also noticed that the H/H contacts are the most frequent interactions in the studied compound. This could be due to the abundance of hydrogen on the molecular surface (81.45%), and they are slightly over-represented with an enrichment ratio of 1.02 (Table 7) . With 13.5% of carbons on the molecular surface of compound (2a), the C/H/H/C contacts show enrichment ratios around 0.78 and become the second most frequent interactions, which correspond to weak C-H/C and C-H … p hydrogen bonds.
The H/O/O/H hydrogen bonds account for 11% of the total Hirshfeld surface and are over-represented (E HO ¼ 1.23) in the crystal structure (Table 7) . 
Frontier molecular orbital calculations
Frontier molecular orbitals (FMOs) are commonly used to provide additional informations about the energy gap which is a good indicator of the chemical reactivity, kinetic stability, optical polarizability and chemical hardness-softness of a molecule [49e53]. Thereby, DFT calculations were applied to predict such properties, starting from the crystal data of compound (2a) and using the DFT-B3LYP/6-311Gþ(d,p) method. The obtained values of HOMO and LUMO levels for the studied compound, their distributions and consequently their energy gap are given in Fig. 8 .
It could be observed that the highest occupied molecular orbital (HOMO) in compound (2a) is mainly located in the cyclohexanol ring, with calculated energy E HOMO ¼ À7.0 eV. While the lowest unoccupied molecular orbital (LUMO) is mainly localized on one diphenylphosphoryl group, with calculated energy E LUMO ¼ À1.316 eV. Accordingly, the HOMO-LUMO energy gap has been calculated as 5.686 eV (Fig. 8) .
Furthermore, the HOMO (electron donor) and LUMO (electron acceptor) energy values are used to calculate global chemical reactivity descriptors [54] The large energy gap between the HOMO and LUMO orbitals, calculated as 5.686 eV, characterizes a high chemical hardness and kinetic stability of the studied molecule [55e57]. Furthermore, the low-energy HOMO level of À7.0 eV, makes these compounds potentially suitable for hole injection and hole transport in a thinfilm based electronic device (OLED or OFET), and should guarantee a reasonable long-term stability [58] .
Conclusion
We have successfully developed an efficient, simple and highyielding protocol for the synthesis of unprecedented symmetrical trans-a,a 0 -bis(diphenylphosphoryl)cycloalkanols (2a-d), through the p-toluenesulfonic acid-catalyzed reduction of trans-a,a 0 - bis(diphenylphosphoryl)cycloalkanones with sodium borohydride in ethanol at room temperature. The synthesized compounds could be good candidates for applications in organic optoelectronic materials. Their structure was studied by using various spectroscopic tools including FT-IR, NMR ( 1 H, 31 P, 13 C) spectroscopy and mass spectrometry. The molecular structure of compound (2a) was further investigated using single crystal X-ray diffraction. Intermolecular interactions in the crystal structure were studied in detail using Hirshfeld surface analysis and 2D fingerprint plots, indicating that the most frequent intermolecular interactions are reciprocal H/H, C/H/H/C and O/H/H/O contacts. UV-Vis and HOMO-LUMO properties of compound (2a) were also investigated showing high chemical hardness and kinetic stability. The lowenergy HOMO level makes these compounds potentially suitable for hole injection and hole transport in a thin-film based electronic device (OLED or OFET).
